We report the coherent generation and detection of terahertz radiation from antenna-type devices made by using proton-bombarded GaAs photoconductive materials. Our combined emitter/detector set-up allows us to obtain a large bandwidth going from 0.1 up to 2 THz. We compare the performance of antenna emitters fabricated using mono-and multi-energy proton implantation in semi-insulating GaAs. Improved emission of terahertz radiation with a comparable bandwidth has been obtained using multi-energy proton implantation. Our results show that creating more defects in the optical absorption region gives rise to higher damage threshold biasing and larger saturation optical pumping power levels.
Introduction
Terahertz (THz) radiation systems have received much interest in recent years due to their widespread scientific and technological applications [1, 2] . The ultra-wide band and the optical coherence of THz pulses also account for considerable efforts made to apply THz technology for spectrally determining the optical and electrical properties of crystals, polymers and organic liquids. THz radiation has been generated by illuminating various emitters, including externally biased photoconductive (PC) antennas [3] , surface built-in field biased semiconductors and nonlinear crystals with short optical pulses. Radiation-damaged silicon on sapphire (RD-SOS) [4] [5] [6] has been widely used as the substrate of PC antennas for generation and detection of THz radiation. In the last decade, low-temperature (LT) grown GaAs [7] [8] [9] [10] has also been extensively used as a substrate. Such materials can be processed to obtain high resistivity (10 7 cm) [11] , reasonably good carrier mobility (100-300 cm 2 V −1 s −1 ) [8, 12] , in addition to a short carrier lifetime (<1 ps) [13, 14] . These excellent characteristics are however difficult to be reproduced from sample to sample because the quality of the material depends critically on both growth temperature and post-growth thermal annealing conditions. Recently, an alternative material was reported to be promising as the substrate material of PC antennas, that is, the arsenic ion-implanted GaAs [15] [16] [17] . These materials exhibit good structural and electrical properties, and show an ultrafast optoelectronic response. A good control over the overall fabrication process allows studies of the influence of parameters such as the ion implantation dose, the ion energy, and the thermal annealing conditions on the PC antenna characteristics. Proton bombardment is also a very attractive way to modify the properties of photoconductive materials for useful applications in the THz regime since it is relatively easy to control the depth of the induced defects using a low-energy ion implanter. In the literature, we find a few reports [18] [19] [20] on a time-domain (TD) THz spectroscopy set-up that uses PC antennas made on proton-bombarded substrates. However, a systematic study of the characteristics of these pulsed-THz emitters and the influence of the implantation conditions on these characteristics is still lacking. In this paper, we present the characteristics of a TDTHz spectroscopy set-up that integrates an emitter and a detector made on a proton-bombarded semi-insulating (SI) GaAs substrate. The Fourier power spectra of our THz pulses show a large bandwidth going from 0.1 up to 2 THz with a signal-to-noise ratio of about four orders of magnitude for frequencies <1 THz. We compare the performance of pulsedTHz emitters fabricated on either the SI-GaAs substrate, a mono-energy ion-implanted substrate, or a multi-energy ionimplanted substrate. Improved emission of terahertz radiation with a Fourier power spectrum maximum shifted up to 0.7 THz has been obtained using multi-energy proton implantation. We discuss the origin of these improvements.
Experimental details
In this work commercial high-resistivity (>10 . This was followed by thermal annealing at 500
• C for 20 min in a furnace under N 2 gas environment and using a GaAs cap to prevent As desorption. A series of THz emitters were fabricated on either the SI-GaAs substrate, mono-energy (180 keV) ion-implanted substrate or multienergy (50 to 150 keV) ion-implanted substrate. A dose of 10 15 ions cm −2 was used for all single ion energy. The same thermal annealing conditions as the detector material were used for all the implanted emitter materials. Calculations using the Stopping Range of Ion in Matter (SRIM) software [21] show (see figure 1 ) that we create more defects closer to the surface for the multi-energy ion-implanted substrate (GaAs:H multi ) than that for the mono-energy ion-implanted substrate (GaAs:H mono ).
In figures 2(a) and (b), we illustrate the structure of the emitter and the detector, respectively. The electrode patterns were made using a conventional photolithography technique. Ohmic contacts were obtained by using a standard mixture of Ni/Au-Ge/Au for metallization followed by a rapid thermal annealing process at around 410
• C during 30 s. The coplanar electrodes of our emitter and detector are separated by gaps (G) of 120 and 30 μm, respectively. Each electrode is 10 μm wide (W) and 12 mm long (L) for the emitter, and 6 mm long for the detector. The small gap of the detector region is 5 μm.
A mode-locked Ti:sapphire laser at a repetition rate of 82 MHz was used as the excitation source for the generation of broadband pulsed-THz radiation. The laser wavelength was centred at 760 nm and the width of the optical pulses was about 100 fs. At 760 nm, the 1/e penetration depth of the optical pulses in GaAs is about 500 nm. The excitation beam, at an average power adjustable from 10 mW to 200 mW, was focused on our PC antennas on a spot size of about 10 μm, near the anode of our antennas. The intensity of this pumping beam was modulated at a frequency of 1.4 kHz using a mechanical chopper. The terahertz radiation was collected and refocused on our detector using a pair of off-axis parabolic mirrors. The electric field of our THz pulses was probed using delayed optical pulses and a GaAs:H PC antenna detector. The laser power of the probing beam was about 15 mW and this beam was focused on the detector gap using a 20× microscope lens. A low-noise current preamplifier and a lock-in amplifier were used for measuring the THz signal. Figure 3 shows the THz signal waveforms and their Fourier power spectra obtained for the GaAs:H multi , GaAs:H mono and SI-GaAs emitters, respectively. These results are obtained using applied bias voltages of 40 V for the SI-GaAs PC emitter and 100 V for the other two sources. The laser pumping power is fixed around 70 mW. The transient E-field waveforms were normalized for better comparison of the full width at half maximum (FWHM) of their main positive peak. For each emitter, we observe similar THz waveforms characterized by a sharp positive peak followed by a broader negative peak and extra oscillations. This typical waveform results from the temporal derivative of the transient photocurrent. The main positive peak is attributed to the ultrafast rise of the surge current by the photocarrier injection and the subsequent carrier acceleration under the bias field of the PC antennas.
Results
Improved characteristics of a terahertz set-up built with an emitter and a detector The following negative peak is attributed to the decay of the current governed by the carrier trapping time. For broadband emitters and ultrafast detectors, we also see a tiny negative peak preceding the main peak that results from the convolution of the emitted THz pulse with the detector temporal response [22] . A pulse reshaping effect in our 500 μm thick substrates and frequency-dependent spatial distribution of the emitted radiation pattern might also contribute to the overall transient waveform including the observed tiny oscillations [23, 24] . Similar THz waveforms were observed by other groups using an emitter and a detector made on As-implanted GaAs PC materials [25] .
We do see in figure 3 (a) a sharper positive peak and a more intense negative peak for emitters made on protonimplanted substrates. The maximum of the Fourier power spectrum is shifted from 0.4 THz for the SI-GaAs emitter to 0.7 THz for the GaAs:H emitter. A larger bandwidth characterized by a FWHM of about 0.9 THz is observed for both emitters made on multi-and mono-energy protonimplanted GaAs substrates. The bombardment with high energy ions creates deep-level (EL2-like) defects in GaAs that act as efficient trapping and recombination centres, and reduce the carrier lifetime [26, 27] . This causes a faster recovery of the photocurrent (shorter negative THz pulses) and contributes to enhance the frequency bandwidth. Our previous work shows that the generated defects induce a redistribution of the electric field between the antenna electrodes which gives rise to an enhancement of the local electric field in the proximity of the anode [28] . Therefore, the larger bandwidth observed for our ion-implanted PC antennas also results in the ultrafast Figure 4 . Amplitude of the THz electric field measured as a function of the bias voltage for the multi-energy GaAs:H (square), the mono-energy GaAs:H (circle) and the SI-GaAs (triangle) emitters. The pumping power is 70 mW for the ion-implanted emitters and 90 mW for the SI-GaAs emitter.
acceleration of the photocarriers generated near their anode. Note that for our SI-GaAs substrates, the combination of ion implantation and thermal annealing processes is essential for obtaining a shorter carrier lifetime, moderate carrier mobility, and enhanced local electric field near the anode. Using optimum laser excitation conditions and high bias voltage of our antenna emitters, we obtain a signal-to-noise ratio of about four orders of magnitude (in power spectra) from 0.1 to 1 THz.
In figure 4 we show the bias voltage dependence of the THz waveform peak amplitude measured for our different emitters. The different curves are plotted up to a bias level just below the point where the premature breakdown of the corresponding device starts to occur under a constant applied bias. At this bias level, our emitters are very stable and can operate for several months without seeing any changes in their characteristics. We have not tested our THz emitters under pulsed-bias voltage excitation, but previous papers show that a much higher breakdown voltage threshold could be obtained under this condition [29] . High breakdown voltage thresholds (>110 V) are obtained for GaAs:H antennas, thanks to the increased resistivity of the photoconductive materials seen after ion implantation. The photocurrent is effectively much smaller for the multi-energy GaAs:H PC antenna (typically 0.03 mA at 60 V and 0.65 mA at 110 V) than for the SIGaAs PC antenna (2.7 mA at 40 V). This high breakdown voltage is an important characteristic for intense pulsed-THz sources. The amplitude of the THz field emitted by our SIGaAs antenna is limited by its small breakdown voltage of about 50 V. The highest THz field produced by our sources is obtained using the antenna emitter made on the multi-energy ion-implanted substrate (see results obtained above 100 V). The enhanced emitted THz radiation results again from the ultrafast acceleration of the photocarriers. Figure 5 shows the pump power dependence of the THz waveform peak amplitude measured for multi-and monoenergy ion-implanted GaAs:H antennas, under a constant bias voltage of 100 V. For the GaAs:H mono emitter, we observe a saturation regime which takes place at an excitation power of about 20 mW. This saturation phenomenon is attributed to the screening of the local electric field by the photocarriers generated in the gap between the antenna electrodes [27] . The same trend has been observed for the emitter made on the Figure 5 . Amplitude of the THz electric field measured as a function of the laser excitation power for our emitters made on mono-and multi-energy proton-implanted GaAs substrates. The bias voltage is fixed at 100 V.
SI-GaAs substrate (not shown here because the bias condition is very different). For the emitter made on the multienergy ion-implanted GaAs substrate, we observe a nonlinear behaviour that corresponds to increasing screening of the local electric field as the pump power increases. However, the THz signal continues to increase up to the point where the device breaks down ( 100 mW). We believe that this advantageous high-power emitter characteristic results from an ultrafast carrier lifetime. The density of nonradiative centres within the optical absorption depth is likely to be much higher for the multi-energy ion-implantation (see figure 1 ). It is difficult to evaluate the effective carrier lifetime in this absorption region (where screening effect first takes place) but our results strongly suggest that it becomes comparable to the surge current rise time. Other experiments have to be performed in order to confirm this interpretation but our work certainly suggests avenues to further improve the characteristics of pulsed-THz emitters via optimized ionimplantation and thermal annealing conditions.
Conclusion
In summary, we have obtained improved characteristics of a terahertz set-up built with an emitter and a detector made on proton-bombarded GaAs photoconductive materials. A very good signal-to-noise ratio of about four orders of magnitude (in power spectra) has been obtained from this experimental set-up, with a bandwidth extending from 0.1 up to 2 THz. We have shown that proton bombardment using multi-energy implantation created a distribution of defects that is favourable for the fabrication of efficient high-power pulse-THz sources.
